A B S T R A C T 10 patients with chronic renal disease on hemodialysis and 8 normals were studied by constant jejunal perfusion of calcium gluconate solutions, using polyethylene glycol as a nonabsorbable marker. Results in normals indicated that calcium absorption from 1 and 5 mM calcium solutions is mainly active. Absorption from 5, 15, and 20 mM solutions was a linear function of luminal calcium concentration, suggesting that the active transport carrier is saturated when luminal calcium concentration is greater than 5 mM and indicating that the increment in absorption at higher luminal concentrations is mainly the result of passive absorption. With 1 mM calcium, normals absorbed calcium against a concentration gradient, whereas the patients secreted calcium. Absorption in the patients was much less than normal with 5, 15, and 20 mM luminal calcium concentrations; however, the slope of this lifnear (passive) portion of the curve was normal. Unidirectional calcium fluxes were measured with calcium-47. Flux out of the lumen was depressed 2.5-fold in the patients, but flux into the lumen was normal. Xylose, urea, and tritiated water were absorbed normally, indicating no generalized abnormality of jejunal transport in these patients. Endogenous calcium -secretion, estimated by the amount of calcium added to a calcium-free solution, was normal in the dialysis patients. These results indicate that active calcium absorption is markedly depressed in patients with chronic renal disease who are receiving hemodialysis therapy. On the other hand, passive calcium movement and endogenous calcium secretions are normal.
INTRODUCTION
Previous studies have established that patients with chronic renal disease are usually in negative calcium Received for publication 1 Februiary 1974 and in revised form 25 March 1974. balance when they ingest normal or less than normal amounts of calcium in their diet (1, 2) . This defect may contribute to the development of renal osteodystrophy, and it presumably persists in patients undergoing chronic hemodialysis (3) . A variety of methods for estimating radioactive calcium absorption have indicated that at least part of this abnormality is reduced calcium absorption by the intestine (4).
Our paper describes jejunal absorption of calcium, measured by a constant perfusion technique, in 10 patients with end-stage renal disease receiving chronic hemodialysis and in 8 normal subjects. The following were measured: (a) the net rate of calcium absorption with different intraluminal calcium concentrations, (b) the rate of jejunal net secretion of calcium during perfusion of a calcium-free solution, and (c) the unidirectional rates of calcium flux using calcium- 47 Table I . The patients and the normal subjects gave informed consent for the performance of these studies.
Intestinal perfusion. Subjects were intubated with a triple-lumen polyvinyl tube as previously described (5-7).
Intestinal perfusion was begun when the infusion aperture was at the ligament of Treitz, after an 8-h fast and from 12 to 32 h after completion of dialysis. Intestinal contents were collected at two distal collecting points located 10 and 40 cm beyond the infusion site. Sampling from the distal collection site was started and stopped 10 min after the corresponding collection from the proximal site, based on volume flow relationships previously reported (8 (9) ; therefore, its infusion elicits minimal absorption or secretion of water.
The makeup of each solution is shown in Table II . Half of the patients and half of the normal subjects received solution IA, while the other half received IB. All subjects received solutions II, III, and IV, which contained increasing concentrations of calcium gluconate and varying amounts of mannitol. The assumption has been made that any effects of mannitol (and other components of the infusate) on calcium absorption are the same in normals as in the patients. In addition to the ingredients shown in Table II RESULTS Water and electrolyte movement. In accord with the design of the test solutions, net water movement was near zero in the 30-cm jejunal test segment (Table  III) . The slight secretion noted in both groups amounted to only about 5% of the volume of the test solution infused in 1 h. Although the infused test solution had a sodium concentration of 50 meq/liter, sodium diffused from plasma into the jejunal lumen as the test solution traveled from the infusion site to the proximal end of the test segment. The mean sodium concentration in the test segment was 81.0 meq/liter in the dialysis patients and 87.5 meq/liter in the normals. Although this difference is statistically significant, it is not believed to be of sufficient magnitude to affect the absorption rate of any other substance, and especially not of calcium, since calcium absorption is not dependent on luminal sodium concentration (13, 14) . The reason for the. the slightly lower mean sodium concentration in the jejunal lumen of the dialysis patients may be due in part to the development of mild hyponatremia (133 meq/ liter) during the course of this experiment.
Assuming that potassium equilibrates passively across jejunal mucosa (15) , the potential difference (PD) between lumen and blood can be calculated from the potassium concentration in fluid collected from the distal sampling site and serum potassium concentration, using the Nernst equation (16) . PD estimated in this These normal values were reported by us (10) from previous studies using an identical perfusion technique. manner was not significantly different in the two groups (Table III) . In both the dialysis patients and in the controls, jejunal PD was near zero, in agreement with previous direct measurements across this segment of the small intestine (5, 16, 17) . These results suggest that any differences in calcium absorption between normals and dialysis patients cannot be attributed to abnormal electrical gradients.
The mean pH of luminal fluid was 6.26 in the dialysis patients and 6.12 in the normals (P = 0.05). This difference could be due to greater secretion of bicarbonate (down the concentration gradient between blood and lumen) in the dialysis patients or to a higher lumen Pco2 in the normals. This slight difference would not be expected to affect the solubility of calcium salts in the jejunal lumen' and therefore probably would have no effect on the rate of jejunal calcium absorption.
Data from the perfusion of the four different test solutions were also analyzed separately; there was no effect of increasing luminal calcium concentration from 0 to 20 mM on jejunal electrolyte or water movement, on the concentration of electrolytes in the test segment, on estimated PD, or on luminal pH.
Weight, serum electrolyte, and mineral concentration changes during the experiment. These dialysis patients gain an average of 1.8+0. 4 D-XylOse, tritiated water, and [14C]urea absorption rates. As shown in Table IV , the rate of xylose absorption was the same in normals as in dialysis patients. Also, the rate of tritiated water and ["C]urea absorption in the dialysis patients was the same as in a group of normal subjects that we have previously studied by an identical method (10) .
Perfusion of a calcium-free solution. During infusion of a calcium-free solution, fluid aspirated 10 cm distally contained 0.14±0.05 and 0.16±0.03 mM calcium in the normal and dialysis subjects, respectively (P> 0.4). When corrected for dilution (by means of the change in concentration of the nonabsorbable marker, polyethylene glycol), the total amount of calcium passing the proximal collecting site was estimated to be 0.10±0.03 mmol/ h in normals and 0.11±0.02 mmol/h in the dialysis patients (P = 0.5).
By the time the test solution reached the distal collecting site, 40 cm from the infusion, calcium concentration was 0.17+0.05 mM in the normals and 0.25±0.05 mM in the dialysis patients (P = 0.3). The mean rate of calcium secretion within the 30-cm jejunal test segment was 0.02±0.01 mmol/h/30 cm in the normals and 0.06±0.02 in the patients (P = 0.1).
Calcium absorption or secretion from 1, 5, 15, and 20 mM calcium gluconate solutions. As shown in Fig. 1 , calcium was absorbed at a rate of 0.07 mmol/h/30 cm in normal subjects when the infusion solution contained 1 mM calcium gluconate. (The secretion rate in response to calcium-free perfusion is included for comparison.) Since the normal serum ionized and diffusible calcium concentrations are 1.2 and 1.5 mM, respectively (18) , these results demonstrate that normal subjects absorb calcium against a concentration gradient. Ionized and diffusible calcium concentration in the blood of patients with renal disease is probably lower than normal, and absorption by passive mechanisms should therefore be higher (at any given luminal calcium concentration) than normal in these patients, other factors being equal. However, these patients secreted rather than absorbed calcium when the lumen calcium concentration was 1 mM. Thus, our results provide no evidence that dialysis patients are able to absorb calcium against a concentration gradient. Fig. 1 also shows the calcium absorption rates in the normal and hemodialysis subjects during jejunal perfusion with 5, 15, and 20 mM calcium gluconate solutions. Calcium absorption in the normals rose sharply as luminal calcium concentration increased from 1 to 5 mM. Absorption rate then increased more gradually and in an approximately linear fashion as calcium concentration increased from 5 to 17 mM, reaching a maximum of 0.42 mmol/h/30 cm. The hemodialysis patients absorbed calcium at a much slower rate at all luminal calcium concentrations, reaching a maximum of only 0.17 mmol/h/30 cm. There was no sharp rise in the absorption rate between 1 and 5 mM luminal concentration. However, absorption between 5 and 17 mM calcium concentration was linear, with a slope that was not significantly different from normal (P = 0.3 by statistical test for homogeneity of regression [19] ).
Unidirectional calcium flux measured with 'PCa. From an analysis of the data in Fig. 2 , the unidirectional flux rates which combine to yield the net flux can be obtained. Fig. 2 with the net flux into the lumen (secretion) that occurred when the jejunum was perfused with a calcium-free solution. In the normals the flux into the lumen was 0.09 while the net secretion rate (during perfusion of the calcium-free solution) was 0.02. In the dialysis patients unidirectional flux into the lumen was 0.07, and the secretion rate was 0.06. Thus, the normal subjects had a net secretion (in response to a calcium-free solution) of only 22% of the unidirectional flux into the lumen. In the dialysis patients, on the other hand, the net secretion amounted to 80% of the unidirectional flux into the lumen.
DISCUSSION
Some of the previous studies on calcium absorption in patients with chronic renal disease are summarized in Table V (25, 26) . These results indicate that the digestive system in patients with chronic renal disease behaves in a grossly abnormal fashion with respect to calcium metabolism. The defect might be due to reduced absorption of calcium by the intestine, to increased secretion by intestinal mucosal cells, or to increased amounts of calcium in biliary, pancreatic, and gastric secretions. Calcium absorption by the small intestine has been estimated by several methods utilizing radioactive calcium. As shown in Table V , by arm-counting methods and stool analysis after oral isotope ingestion, average radioactive calcium absorption is depressed by 25-30% in patients with chronic renal disease (including those on chronic hemodialysis). However, there is a great deal of overlap, and some patients have high-normal rates of radioactive calcium absorption. Furthermore, by a plasma counting method Recker and Saville (24) reported higher than normal average rates of radioactive calcium absorption in patients with severe renal insufficiency. Thus, whereas most workers have found some depression of mean radioactive calcium absorption in patients with renal disease, this has not been a uniform observation.
Our studies were performed in 30-cm segments of the proximal jejunum, and they demonstrate a marked and consistent abnormality of calcium absorption in patients with renal disease who are undergoing chronic hemodialysis. For example, their mean rate of calcium absorption was only one-fifth the normal rate when luminal calcium concentration was 5 mM, and none of the dialysis patients had an absorption rate within the normal range with 1, 5, 15, or 20 mM calcium solutions. Thus, jejunal absorption of calcium is more markedly and consistently reduced in patients with renal disease than is the intestinal absorption of an oral dose of radioactive calcium (Table V) . This discrepancy cannot be attributed to the fact that our patients were on dialysis therapy since radioactive calcium absorption is, if anything, less depressed in hemodialysis patients than in others with severe renal insufficiency (21) .
There are three main reasons why an oral dose of radioactive calcium might be absorbed normally or be only modestly reduced, whereas net jejunal calcium absorption is markedly depressed. First, net calcium absorption in the jejunum is more markedly reduced in dialysis patients than is radioactive calcium absorption (expressed as flux out of the lumen), i.e. with perfusion of 5 mM calcium net absorption was reduced fivefold, whereas radioactive calcium absorption was reduced by a factor of 2.5 (Fig. 2) . Therefore, the rate of radioactive calcium absorption may underestimate the extent of net calcium malabsorption. Second, it is possible that ileal hyperabsorption may compensate for severe calcium malabsorption in the proximal small intestine. This has been suggested by Brickman, Coburn, Rowe, Massry, and Koppel (27) , on the basis of a timed arm-counting method after ingestion of radioactive calcium. Finally, absorption of orally ingested radioactive calcium could be normal even though net calcium absorption throughout the intestine is severely depressed. This could occur, for example, by a slow molecular exchange of radioactive calcium in the gut lumen with body calcium, perhaps during the slow transit of material through the colon. Additional work is required to settle this important question of the extent to which net calcium absorption throughout the entire length of the intestine is reduced in patients with chronic renal insufficiency.
Analysis of these perfusion experiments may provide more insight into the mechanism of abnormal calcium absorption than has previously been available from the use of other methods. First of all, this defect is not the result of a nonspecific intestinal disorder, since the patients absorb xylose, tritiated water, and ["4C]urea in a normal fashion (Table IV) . Second, there are differences in the characteristics of the calcium concentration-absorption data (Fig. 1) in the dialysis patients and in the normal subjects. In normals there was an initial steep rise in absorption rate as luminal concentration was increased from 1 to 5 mM; probably this portion of the curve reflects mainly the active component of calcium absorption. Increasing luminal calcium concentration to higher levels was associated with a much smaller increase in the rate of calcium absorption, and absorption from 5, 15, and 20 mM calcium solutions was an approximately linear function of luminal concentration. This suggests that the active transport carrier is saturated when luminal calcium concentration is 5 mM and that the increment in absorption at higher concentrations is mainly the result of passive calcium absorption down the existing concentration gradient. In the hemodialysis patients there was no sharp increase in the rate of calcium absorption as luminal calcium increased from 1 to 5 mM, and, in contrast to the result in normal subjects, calcium was not absorbed against a concentration gradient when the 1 mM calcium solution was infused. The most reasonable interpretation of these results is that the active component of calcium absorption is markedly depressed in hemodialysis patients. Persistence of some active transport is suggested by the fact that net calcium movement was not a linear function of luminal calcium concentration, i.e., there was a slight "break" in the curve at the lower concentrations of calcium (Fig. 1) . Consistent with a depression of active calcium absorption in dialysis patients is their reduced unidirectional flux of calcium out of the lumen (Fig. 2) . Passive calcium absorption, on the other hand, appears to be within normal limits in dialysis patients since the slope of the linear portion of the kinetic results (between 5 and 17 mM luminal calcium concentration) was not significantly different from normal ( Fig. 1) and since the unidirectional flux of calcium into the lumen was approximately the same in patients as in controls (Fig. 2) .
Although the results discussed so far point to a defect in active jejunal calcium absorption in dialysis patients, they do not exclude increased secretion of calcium by the digestive tract as a contributing factor to the overall abnormality in the digestive system handling of calcium. To explore this possibility, we examined the rate at which calcium was added to an infused calcium-free solution as it traveled through the proximal jejunum. Fluid aspirated 10 cm below the infusion point is a mixture of the infused test solution and endogenous secretions from the upper gastrointestinal tract (6, 7) . The calcium content of this fluid was the same in dialysis patients as in normals, suggesting that digestive secretions of the patients do not contain excessive amounts of calcium. The net rate of calcium secretion between the proximal and distal sampling sites was also measured to see if the jejunal mucosa secretes an excessive amount of calcium in dialysis patients. Mean net secretion rate (down the concentration gradient) was three times higher in the patients than in the normals, although the P value for this difference was only 0.1. It seems likely that the higher mean secretion rate in patients is due to less reabsorption of secreted calcium, rather than an indication of increased secretion rate per se, since the unidirectional flux of calcium into the lumen is not increased in the dialysis patients (Fig. 2) . It is interesting that the net secretion of calcium during infusion of a calcium-free solution amounted to only 22% of the unidirectional flux of calcium into the lumen in normals, whereas in the dialysis patients, the net secretion amounted to 80% of the unidirectional flux into the lumen. This supports the notion that there is very little reabsorption of secreted calcium in the dialysis patients at low intraluminal calcium concentrations, compared to normals where a high fraction of secreted calcium is reabsorbed. Thus, the increased net calcium secretion in dialysis patients during perfusion of a calcium-free solution is probably due to the same abnormality which depresses the absorption rate of calcium at higher luminal calcium concentrations, i.e., the marked depression of active calcium absorption.
Recent studies have indicated that abnormalities in calcium homeostasis in uremic patients are mainly due to vitamin D deficiency which develops because of the inability of diseased kidneys to synthesize 1,25-dihydroxycholecalciferol, the most active vitamin D metabolite (28, 29) . It is of interest, therefore, to compare our findings in hemodialysis patients with end-stage renal disease with the work of others in laboratory animals made vitamin D deficient by dietary deprivation. Our findings of reduced active calcium transport, decreased net calcium absorption at all levels of intraluminal calcium concentration, and decreased unidirectional flux of calcium out of the lumen are in agreement with observations of many others who have made similar measurements in vitro and in vivo in vitamin D-deficient animals. On the other hand, the normal unidirectional flux of calcium into the lumen in our patients does not agree with the findings of others in vitamin D-deficient animals. For example, Wasserman and Kallfelz (30) found this flux to be markedly reduced in rachitic chickens in vivo, whereas Favus, Walling, and Kimberg (31) found this flux increased almost twofold in vitamin Ddeficient rats in vitro. These conflicting results are presumably due to species and/or technical differences. In addition, of course, the calcium transport defect in humans with chronic renal disease may be due to more than vitamin D deficiency.
